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Abstract: Tocal spin density approximation (density functional theory) is used to establish the electronic
structure and spectroscopic properties of Aluminum Phosphide (A1P) nanocrystals having (1.02-1.60) nm in
diameter. Surface and core parts of AIP diamondoids are studied. Inspected properties include energy gap,
Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital (LUMO), cohesive energy
and bond length. These properties are compared to confinement theory results. Shape fluctuations are also
pointed mn size variation. AlP tetramantane vibrational frequencies (IR and Raman) shows that the active region
in TR is similar to but with lower intensity than Raman. Size variation of AIP molecules is so that TUUV-Vis optical
peak changes from 282-329 nm heading towards bulk experimental 496 nm as the size of AIP molecules increases.
NMR spectra of AlP diamendoids are analyzed with respect to diamondeids constituting atoms. 'H-NMR
shielding of AIP diamondoids shows split values. The Al-H shielding is lower in value with respect to P-H
shielding. Population analysis of Natural Bond Orbitals (NBO) shows that AP diamondoids have differences
from ideal sp3 bonding of carbon diamondoids. The ratio of surface to core atoms shows that the highest ratio
was equal to 1.42 in diamantane structure. This ratio declines with increasing size of molecules and it is

dependent on the shape of diamondoids.
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INTRODUCTION

Alummum Phosphide (AlP) 1s a III-V semiconductor
material with a wide band gap. Typically, AIP naturally
exists in the zinc blende structure. The experimentally
reported energy gap 18 2.45-2.5 eV for bulk AP
(Casey Jr. and Panish, 1978; Shishkin and Kresse, 2007).
In the case of the semiconductor surface, the dangling
surface bonds lead to surface rebuilding and in smallest
clusters, there is a smallest similarity to the bulk
structures. Surface passivation by hydrogen atoms
removes dangling bonds. The new molecular cluster 1s
very similar to a piece of the bulk. AIP gap is large enough
to surpass other direct gaps of the II-V compound
semiconductors (Vurgaftman et af., 2001). The conduction
band minimum is situated at the X pomnt of the
brillouin zone. In recent years, AlP appealed exceptional
concentration to its inclusion in AlAs/AlP and GaP/AlP
heterostructures. Local spin density approximation class
of Density Functional Theory (DFT-LSDA) with a 6-31G
basis 15 used m the present work to calculate
electrome structure of AIP molecules. The AIPH, and
AlP cyclohexane (Al,P,H,;) molecules are the smallest
molecules mvestigated in present research. Diamondoids
are named according to the number of their building
cages. AlP diamondoids might be created by many
methods such as laser ablation or RF sputtering in

hydrogen environment. Investigated AlP diamondoids in
the present work include AIP diamantane (AP H,,), AP
tetramantane (Al P, H,;), AlP hexamantane (Al P.Hy)
and AIP octamantane (Al P,H,,). Semiempirical to first
principles methods is applied to AlP electronic band
structure (Mujica et al., 2003). Density functional theory
are regularly used m pseudopotential (Mwica et al.,
1999) and all-electron methods. Bulle properties of AIP
are theoretically calculated based on Hartree-Fock
(Froven and Cohen, 1983) and potential models
(Tivani et al., 2005) with an excellent description of its
structural and electronic properties. Annane ef af. (2010)
examined the electronic and spectroscopic properties of
ATP using full potential linear augmented plane wave plus
local orbitals method. The current research reports
diamondoids nanocrystals that have the size range of
1.02-1.60 nm in diameter. In diamondoids molecules and
nanocrystals, atoms are split amongst core and surface.
The nearly ideal zinc blende structure that is free of
surface reconstruction is obtained using diamondoids
structures. Previous theoretical mnvestigations of cubic
zinc blend AIP diamondoid nanocrystals do not exist in
the literature. Tn the current research, we study the
electronic structure and spectroscopic properties of AlP
diamondoid nanocrystals including vibrational, UV-Vis
and NMR properties with different sizes by using a
Density Functional Theory (DFT) method.
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MATERIALS AND METHODS

Theory: Density functional theory 1s one of the most
exploited quantum mechanical approaches to sunulate
molecules and materials (Valone, 2010). DFT is widely
applied to problems in physics and chemistry to
mvestigate the structure of many-electron systems.
Nanocrystals are an extension of the previous
applications to atoms and molecules using electron
correlation corrections (Jensen, 2002). DFT derives
properties of a many-electron system as a fimction of
electron density p(r). It depends on one spin and three
spatial coordinates for every electron assuming fixed
positions of nuclei (Kim et af., 2011; Robert and Weitao,
1994). The electron density is defined as the probability of
finding an electron (s) in a particular place and tends to
zero as the distance between the electron and nucleus
tends to infinity. The approach to the wave function
becomes significantly more complicated mathematically
as the number of particles mecreases (Kohanoff and
Gidopoulos, 2003). The experimentally measured gap of
carbon adamantane is 2.5 eV (Casey Ir. and Panish, 1978).
As the size of diamondoids mcreases, this energy gap
decreases. Our selection 1s to pick 6-31 G basis set, since,
it is a reconciliation between computational time and
accuracy for large AIP diamondoids. The 6-31G basis is
adequate for ground state properties, so that, we can
determine the binding energy, vibrational properties,
transitions and energy gap with acceptable accuracy. DFT
methods are known to undervalue the gap of bulk
diamond (Willey ef al., 2006) which 18 in favor of DFT
methods that overvalue the C-adamantane gap such as
B3LYP. The value of the gap using L.SDA theory and
advanced (cc-pV (T+d) Z) basis set 18 6.472 eV. The
comparison of this value with the experimental value
of C-adamantane 6.492 eV show that LSDA method 1s
nearer to the experimental value. This value might be as a
result of canceling different errors in different directions
such as 1on relaxation upon excitation and the effect of
non-convergent basis set. Hybrid functionals such as
B3LYP might perform better than LSDA after adding
suitable corrections. However, at the present level of
calculations, LSDA seems to be our choice. Most theories
(that include present molecular orbital calculations) have
some margin of error even the best ones. The present
theory and basis seem to be the best fit to the
experimental values. Some published papers use the
modest theories to be able to have an estimation of
computationally demanding physical properties. We hope
that, we can improve upon the present research results by
using better DFT functionals that require the use of
excited states contributions and more powerful basis sets.

IR, Raman, NMR and UV-Vis spectra of AIP
diamondoid molecules are computed in the present
research. The scale factor of frequencies of vibrational
spectra that is used to correlate to experimental values 1s
0.984. This factor is recommended to current theory and
basis (LSDA/6-31G). Ow calculations also include
'H-NMR  shielding and UV-Vis spectra. UV-Vis is
calculated using excited state  energy calculations
including 40 states with the Time-Dependent Density
Functional Theory (TD-DFT) method Natural Bond
Orbital (NBO) population analysis 1s used m the present
research to compare with ideal sp3 hybridized in diamond.
All results are achieved using Gaussian 09 package.

RESULTS AND DISCUSSION

Figure 1 illustrates the energy gap change with the
total sum of Al and P atoms as expected by current
calculations. Figure 1 also shows the energy of Highest
Occupled Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO). The dotted
line denotes the experimental bulk gap of AP at 2.5 eV
{(Casey Jr. and Pamsh, 1978). The fluctuating values of the
gap are due to shape effect. Fluctuations are anticipated
because of the non-spherical shape of AIP diamondoids
(Abdulsattar et al., 2013; Abdulsattar and Mohammed,
2014). Diamendoids structure blocks can be orgamzed in
numerous classes of shapes.

Figure 2 shows the binding energy of computed AlP
diamondoids as a function of the sum of Al and P atoms
compared with the bulk amount at 2.5 eV (Causa and
Zupan, 1994). For first structures, the bmnding energy
atoms as expected by owr DFT results. HOMO and
LUMO molecular orbitals are presented. The experimental
bulk gap at 2.5 eV (Casey Ir. and Panish, 1978) is
shown.
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Fig. 1: Energy gap change with the total sum of Al and P
atoms as expected by our DFT results. HOMO and
LUMO molecular orbitals are presented. The
experimental bulk gap at 2.5 eV (Casey Ir. and
Panish, 1978)
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Fig. 2: The relation among the cohesive energy and the
sum of Al and P atoms
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Fig. 3: The bond length as a function of the sum of Al
and P atoms. The dashed line represents the
experimental value

Figure 2 shows the binding energy of computed AIP
diamondoids as a function of the sum of Al and P atoms
compared with the bulk amount at 2.5 eV (Causa and
Zupan, 1994). For first structures, the binding energy
surpasses that of bulk owing to the influence of surface
H keen bonds. As the sum of total atoms increases, this
effect reduces and the binding energy become nearly
constant somewhat inferior to the experimental value.

Figure 3 shows the relation between the bond length
of alumimum phosphide molecular core (Al-P) and the sum
of core atoms. Also, the Fig. 3 shows that bond length
decreases with mcreasing total sum of Al and P atoms.
The bond length decreased from (2.386 A) for the
(ALP.IL,;) molecule to (2.373 A) for (Al,,P,,H,,). Figure 3
is obtained by energy minimization of the investigated
molecules. The converged bond length for a high number
of core atoms (2373 &) is in good agreement with the
experimentally reported value (236 A) for bulk AIP
(Froyen and Cohen, 1983; Ahmed et al., 2008). There is a
linear relation between the bond length and lattice
constant in the diamond or zincblende structure, so that,
Al-P bond length is equal to+3/4a where ¢ is the lattice
constant. As a result, all the discussion concerning the
bond length applies automatically to lattice constant.

UV-Vis analysis of certain studied molecules in the
current work are shown in Fig. 4. The first two molecules
are AlLP-H,, and Al P, H,;. These molecules have higher

7000

; ; ———- AI7PTH20

§ 6000 N —— AIlIPI1H28
5000 i = AI3P13H30

£ 4000 R ——— ARGP20H42

& 3000 i e Bulk value

£ 2000 |

E 1000

E 0 L] L] T T T : L} L] L] T 1

0 100 200 300 400 500 600 700 800 500 1000
Excitation energy (nm)

Fig. 4: Change of UV-Vis peaks as a function of excitation
energy m nm for AP diamondoid molecules. The
dashed line represents the experimental bulk peak
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Fig. 5: Nuclear magnetic resonance of AlP diamantane.
'"H-NMR lines of Al-H are on the left side (blue)
and lines at the right side (red) refer to "H-NMR
spectra of P-H

UV-Vis
structures

spectra in comparison with diamondoids

showed in the same Fig. 5, ie, AIP
hexamantane and octamantane. The cause for thus high
values 1s the presence of high ionic polarization charges
on ALP.H, and Al P H, due to a large number of H
atoms with respect to other atoms. The peak maxima in
UV-Vis spectra changes from 282 nm for Al P, H,; to 329
nm for AlP octamantane. The followmg change of values
is heading towards bullk experimental 496 nm as suggested
by the value of experimental gap 2.5 eV (Casey Ir. and
Panish, 1978).

Electromic spin produces shielding to oppose the
magnetic field caused by the nucleus. Gauge-Independent
Atomic Orbital (GIAO) method 15 employed m the current
NMR computation. Because of symmetry, the first
lines of diamantane (Al,,P;H,;) at the left side in Fig. 5
corresponds to 'H-NMR of Al-H and lines at right sides
refer to '"H-NMR spectra of P-H. These molecules and
other molecules display spliting shielding values that
split Al-H shielding to be lower than P-H shielding. This
particular behavior 1s due to the distinct electronegativity
between the atoms of the studied system.

Electrostatic forces that bind the molecular system
together and the attraction and repulsion between the
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Fig. 6: Distribution of polarization charges on AIP diamantane using Natural Bond Orbital analysis (NBO)

lonic positive and negative polarization charges 1s shown
i Fig. 6 for AlP diamantane. Those forces are working on
getting the system stable. This stability condition enables
us to study various properties which include nuclear
magnetic resonance and the electronic environment
around atoms Al P and H. Al delivers some electronic
charge to P and H surface atoms. P has the opposite
behavior as we can see from the Natural Bond analysis
(NBQ) in Fig. 6. The reason for such electron transfer is
due to the different electronegativity of constituent
atoms.

NBO analysis of hydrogenated AlP diamondoids can
be used to investigate the type of bonding between AlP
atoms. Current AIP molecules diverge from sp3 bonding
that 1s encountered m carbon diamondoids. Figure 6
shows the distribution of charges according to NBO.
From this figure, we can recognize that H atoms that are
attached to Al atoms have a negative polarization charge
while H atoms that are attached to P atoms have positive
polarization charge (Abdulsattar and Al-Bayati, 2007).

Figure 7 shows the IR spectrum of AlP tetramantane
using LSDA/3-21G basis sets that can be separated into
two different areas depending on the properties of
vibration or the gap separation them. The 0-255 cm
region 1s characterized by pure Al-P vibrations. The
region nearby the broad peak at 615 cm' has Al-H
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Fig. 7. IR mtensity (Epsilon) as a function of the vibration
frequency of AIP diamondoid (tetramantane) using
LSDA/6-31G

vibrations. There 1s a noticeable shift in the frequency
with an increase in the intensity of the infrared vibrational
frequency due to the existence of H surface atoms. This
includes the 1736-2390 cm™” mods of Al-H and P-H
vibrations that include stretching (symmetric and
asymmetric).

Figure 8 shows the Raman spectrum of AlP
tetramantane diamondoid structure. It shows that Raman
first region 1s sumilar to IR but with less activity. The peak
intensities in Raman spectrum depend on the probability
that a particular wavelength photon will be absorbed. The
high-intensity of Raman spectrum is limited n the range

1750-2375 cm™ which is the range of H vibraticns.
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Fig. 8: Raman  intensities of AIP  diamondoid

(tetramantane) as a function of vibration frequency
using LSDA/6-31G
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Fig. 9: The ratio of surface H atoms to the sum of core
atoms (Al and P) as a function of the sum of core
atoms

Finally, Fig. 9 shows the calculated ratio of the
surface H atoms to the core atoms. Figure 9 shows that,
the highest ratio is equal to 1.42 in diamantane
nanocrystal while this ratio began to decrease with
mcreasing the size of crystals with fluctuations in
spite of the increase in all of the surface and core atoms.
We can note the effect of surface H atoms on many
figures such as the values of the energy gap and cohesive
energy that have similar behavior to Fig. 9 of the
relationship between the surface to core atoms. From this
observation, we conclude that the shape of the surface
has a direct effect on some properties of studied
nanocrystals.

CONCLUSION

The current research illustrates that the energy gap of
AlP diamondoid nanocrystals approaches bulk value. As
an example, the gap of tetramantane 1s equal to 2.6 eV
which is near the experimental bulk AIP crystal gap at
2.5eV.

The bond length of all structures of AlP molecules
slightly decreased with mcreasing the number of atoms,
and the average cohesive energy decreases with respect
to the increase of the size of structures. This decrease is
toward approaching experimental values

AlP diamondoids have properties that include:
relatively compact structure and stability. 'H-NMR
shielding 1s split m which Al-H shielding 1s lesser
than P-H shielding. Vibrational frequencies (IR and
Raman) of diamondoids are divided mto two regions. The
first region 1s categorized by nearly pure Al-P vibrations.
The second region 1s characterized by two kinds of
vibrations (Al-H and P-H).

The ratio of surface to core atoms decreases with
increasing the size of molecules with shape fluctuations.
This ratio affects some of the physical properties of
diamondoids.
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